A high-sensitive and transverse-stress compensated methane sensor based on a photonic crystal fiber long-period grating (PCF-LPG) is proposed. The outermost layer of the PCF consists of six large sideholes, five of which are coated with methane-sensitive compound film to achieve methane measurement. Such side-hole structure is helpful for gas sensitive reaction, but not conducive to avoiding external stress interference. Therefore, the last large hole is plated with silver layer to eliminate the cross-sensitivity effect through adding a Surface Plasmon Resonance (SPR) sensing channel with the consideration of photo-elastic effect and material deformation. Results show that the methane gas sensitivity can reach up to 6.39nm/% with the transverse-stress compensation. The sensor is very simple and effective, which provides a new method of gas measurement combined with different actual conditions. INDEX TERMS Methane sensor, transverse-stress compensation, photonic crystal fiber long period grating, surface plasmon resonance.
I. INTRODUCTION
Photonic crystal fiber (PCF) has been widely used in fiber sensing field due to its flexible structure and outstanding optical properties [1] - [5] .As a typical mode coupling devices, photonic crystal fiber long-period grating (PCF-LPG) also becomes a research focus. Based on the coupling between core fundamental mode and cladding modes, PCF-LPG has higher sensitivity to the refractive index (RI) change of cladding layer [6] - [8] . By virtue of such characteristic, PCF-LPG is very suitable for measuring different paramet ers [9] - [11] . And then, the demand for real-time remote detection of hazardous-gas in local environment is gradually appearing, especially including the methane monitoring [12] . Therefore, different LPG-based methane sensors are developed to solve this new problem [13] , [14] . In 2017, Yang et al. achieved methane detection with a sensitivity of 1.078 nm/% using a single PCF coated with methane-sensitive film [13] . It verifies the feasibility of the methane measurement via The associate editor coordinating the review of this manuscript and approving it for publication was Paolo Bettini . the combined use of methane-sensitive film and PCF-LPG. However, how to make gas-sensitive reaction more adequate is still a problem. So in this paper, we introduce large sideholes into the PCF structure to enhance the reaction efficiency. Obviously, the designed side-hole structure is conducive to film coating and gas diffusion. Since the change in effective refractive index of the cladding is related to the methane concentration, the coupling between core mode LP 01 and cladding mode LP 02 would provide higher methane sensitivity.
Meanwhile, the problem is that the side-hole structure is prone to unnecessary deformation when the fiber is under external force. The photo-elastic effect due to transversestress also leads to a change in effective refractive index. Hence, it is necessary to take the transverse-stress compensation into account. Based on this concept, we plate the silver nano-film onto the large hole on the right to form a new sensing channel because of SPR effect. The deformation of the silver-plated hole has great influence on the imaginary part of the effective refractive index of core mode. Then, the methane concentration and stress can be demodulated by the dual-parameter matrix method [15] .The structural parameters are optimized for this purpose, and the working wavelengths of two sensing mechanisms are manipulated to avoid mutual interference. The results show that the device has a high sensitivity of 6.39 nm/% for methane measurement.
II. MODEL AND METHOD
The cross-section of proposed PCF is shown in Fig.1(a) , and six ultra-large holes symmetrically distributed in the outermost layer. The side-hole on the right is plated with silver nano-film having a thickness t when other five holes are coated with methane-sensitive film with the thickness t CH 4 . Here we select the ultraviolet curable fluoro-siloxane nano-film incorporating cryptophane A as methane-senstive film. Among them, the diameter of smaller hole near the core is d 1 , and the diameter of ultra-large hole is d 2 . The lattice period is , and the distance between large hole and core is D. We can prepare such PCF through multi-step "stack and draw" procedure [16] . Silica rods and capillaries are stacked together and drawn down by using a standard fiber drawing tower. Fig.1 (c) indicats the experimental setup, and the predetermined methane gas is introduced into the gas chamber to have a free diffusion in the cladding holes. The x-polarization light can be filtered out of the light emmitted from broadband source (BBS) by polarization controller (PC), and then y-polarized light travels to PCF through SMF. Finally, we can obtain responding spectra in optical spectrum analyzer (OSA).
We use the finite element method (FEM) to investigate the spectral characteristic [17] . By discretizing the calculation area, the region is meshed into 58192 domain elements and 3464 boundary elements. The convergence error of the PCF is 10 −7 found at optical wavelength λ = 1308 nm. In addition, we use Sellimeiers equation to describe the dispersion of pure silica which can be seen from (1) [18] . The refractive index of the methane-sensitive film (n film ) is linearly dependent on methane concentration (C CH 4 ). According to the experimental results in Ref. [19] , the value of n film decreases linearly by 0.0038 for every 1% increase in concentration within the range of 0%-3.5%. Equation (2) shows the relationship between the n film and C CH 4 , and the reaction is reversible. Since the LPG has high sensitivity to the change of surrounding refractive index (SRI) [7] , we can measure the methane concentration C CH 4 through analyzing the change in n film . PCF-LPG can promote the coupling between the core fundamental mode and co-propagating cladding modes [8] , and the coupling should satisfy the phase matching condition shown in (3). 2 (1)
The relationship between effective refractive index and wavelength for different modes.
In (3), β co and β cl are the propagation constants of the core mode and the cladding mode respectively, and LPG represents the period of LPG. Therefore, we can obtain the resonance wavelength of LPG from (4), where n co eff and n cl eff are the effective refractive indices of core mode and the cladding mode, respectively. Fig.2 . shows the n eff curves for various modes of proposed PCF structure, and the resonant wavelength decreases with the increase of grating period of proposed PCF-LPG [20] . The coupling coefficient κ of LP 01 -LP 02 mode, as shown in (5) [20] , [21] , where n is the refractive index of silica, δ n is the index modulation, Eco and Ecl are the transverse electric fields of the core mode and the cladding mode, respectively. The LPG transmission coefficient is given by (6) . where L is the LPG length, δ is the detuning parameter. Usually, the grating period is set as 100 − 500µm and the resonant wavelength is chosen in 1300 ∼ 1650nm. In our model, we select grating period LPG = 107µm and the grating length L LPG = 20mm. So the modes LP 01 and LP 02 can satisfy phase matching condition at 1308nm, which will lead to a significant drop in corresponding transmission spectrum.
In order to compensate for the stress interference, we coat the silver layer onto the inner surface of right side-hole to form a SPR sensing channel. The dielectric constant of silver can be derived from (7) based on the widely adopted Lorentz-Drude model [22] , where ε ∞ = 2.48 is the high frequency dielectric constant, ω p = 1.35 × 10 16 (rad/s) is the plasma frequency and ω d = 7.62 × 10 13 (rad/s) is the damping frequency. As stated in Ref. [22] , [23] , we can obtain the propagation constant of Surface Plasmon waves (SPWs) k SP from (8), where λ is the wavelength in vacuum, ε m and ε d are the permittivity of metal and the material outside the metal respectively. Meanwhile, (9) describes the propagation constant of evanescent wave, where θ is the incident angle of the light wave, ε co (λ) is the dielectric constant of the core. Then, we can calculate the coupling coefficient η (λ) as (10) . In theory, when η (λ) = 1 (i.e. k Z = k SP ), the confinement loss of core mode will be reach to maximum [24] .
That is, the applied stress will cause the change in loss peak spectra, and we can measure the transverse-stress by analyzing the confinement loss peak-shifts of the core mode in y-polarization direction. Compared with x-polarization, y-polarization has more obvious loss peak, which is conducive to spectral detection. The effective refractive index of the core fundamental mode is n eff = Re n eff + iIm n eff , in which the real part represents the propagation constant of light and the imaginary part relates to the confinement loss [25] . (11) shows the relationship between imaginary part of the effective refractive index and the confinement loss [26] .
Next, we need to optimize the structural parameters for better sensing performance. Then, the gas sensitivity of LPG with different D and t CH4 can be obtained as shown in Fig. 3 . Fig.4 indicates the variation of the loss spectra of the core fundamental mode in y-polarization direction with different parameters. In other words, we can manipulate the loss peak, resonant wavelength and sensitivity by adjusting such structural parameters. The side-holes should be large enough when the gas sensitivity measured by the LPG is still sufficiently high. In addition, we need to make the loss peak at the communication window of 1550 nm. Therefore, we select the parameters as shown in Table. 1 after all these comprehensive considerations. Fig.5 (A) describes the transmission spectrum of PCF-LPG, the coupling between LP 01 mode and LP 02 mode happens at around 1308 nm. Fig.5 (B) show the loss spectrum of core fundamental mode in y-polarization direction. The illustrations (a) represent the electric field mode distribution of the LP 02 mode. (b-d) show the electric field mode distributions of the core mode, the SPP mode, and the resonant coupling, respectively. The coupling between y-polarized core mode and SPP mode occurs at 1570nm. In summary, the resonance wavelength of transmission spectrum and loss spectrum will have a peak-shift when the RI of methane-sensitive film or transverse stress changes.
The sensitivity used in next section can be derived from (12) [27] , where λ peak is the wavelength shift (nm) and
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III. RESULTS AND DISCUSSION
For proposed PCF stucture, the circular hole will be deformed irregularly when the transverse force applied on the fiber. The anisotropic stress distribution would produce elasticoptical effect and change the effective refractive index of different modes [28] . So that we need to consider the geometric deformation and stress distribution of optical fiber under transverse-force firstly. Fig.6 (a) is a schematic illustration of the cross-section under transverse force. In this section, we will apply a uniform force to the PCF within the range of 0-5N . The Young's modulus of silica is E SiO2 = 73.1GPa and Poisson's ratio is ν SiO2 = 0.17 [29] . Fig.6 (b) shows the distribution of principal stress components σ y (in y-direction) when the PCF section is subjected to a transverseforce of 1N . In order to more clearly show the stress distribution, we select the points on the dotted line in Fig.6 (b) to plot the principal stress components σ x (in x-direction) and σ y curves with respect to y-coordinate, as is shown in Fig.7 . The negative σ y indicates that the cross-section is under a downward force, and negative σ x represents that horizontal compressional stress occurs between large sideholes. Based on photo-elastic effect, (13) describes the relationship between the anisotropic refractive index and stress components [30] , where C 1 = 6.5 × 10 −13 m 2 /N and C 2 = 4.2 × 10 −12 m 2 /N are the stress-optic coefficients.
Many times, we tend to take into account the elasticoptical effect only, but often ignore the deformation of air holes [29] , [31] . However, for proposed side-hole structure, the deformation of large holes has a crucial influence on the propagation of light in the PCF. Therefore, we also need to get the relationship between transverse-stress and geometric deformation. Figure.8 (a-b) show the displacement field in y-direction and x-direction under 1N transverse stress. Then, we can obtain the deformation of the material by applying above displacement components. Since the deformation is difficult to visualize under smaller force, Fig.8 (c-d) indicate the distinct deformation under a transverse stress of 100N for a comparison. In Fig.8 (c) , the black line denotes the initial geometric frame, and the grey surface represents the deformed material frame. Fig.8 (d) shows the electric field distribution of the fundamental mode at 1585nm under 100N transverse stress, and the outline before and after deformation is obvious. Therefore, we can analyze the propagation mode of PCF under different transverse-stresses through this improved method. That is the basis of the research on proposed PCF-LPG methane sensor. After considering the explosion limit of methane gas and the linear demodulation requirement [19] , we only measure methane gas within the concentration range of 0-3.5%. Fig.9 (a) is the transmission spectra of LPG under different methane concentrations when F = 0N . The spectral peak shifts toward short wavelength with the increase of concentration. Meanwhile, Fig.9 (b) shows the transmission spectral peak-shifts under different transverse stresses in the absence of methane gas. Similarly, Fig.10 (a-b) indicates the loss spectra of y-polarized core fundamental mode under different concentrations and transverse stresses, respectively. Then, Fig.11 describes the sensitivity coefficients of LPG and SPR sensing channels directly. Through (14) , methane concentration ( CH 4 ) and transverse stress ( F) can be calculated out by measuring the resonant wavelength-shifts, and the values of coefficients matrix elements are k 1 = −6.39nm/%, k 2 = 0.27nm/N , k 3 = −0.53nm/%, k 4 = 0.15nm/N .
Since the external environment often changes randomly during the sensing process, we define a two-dimensional parameter (CH 4 (%), F (N )) to match the actual situation. Three random sampling points including A (0.9%, 4.6N ), B (1.5%, 2.8N ) and C (2.7%, 1.1N ) are selected as an example. The actual values of the methane concentration change come from the selected sampling points. Fig. 12 (a) and (b) show the transmission and loss spectra of the PCF under the corresponding conditions, respectively. Table 2 shows the shifts of the resonance wavelength under above three conditions, and the calculation results show that they are consistent with the actual situation. Obviously, the measurement accuracy is higher when the transverse-stress compensation is considered.
IV. CONCLUSION
In conclusion, we designed a new PCF-LPG methane sensor considering transverse-stress compensation, and the methane sensitivity can reach up to 6.39 nm/%. The application of side-hole structure makes it easier to coat methane-sensitive film onto the inner surface of holes. Especially, the large holes are conducive to the rapid diffusion and fully reaction of methane gas. After comprehensive consideration of photoelastic effect and material deformation caused by transversestress, we can achieve high sensitivity and accuracy of methane measurement ACKNOWLEDGMENT Thanks to the modern analysis and computing center of CUMT for providing COMSOL software. 
